The purpose of this study was to assess the accuracy of a new motion sensor wristband (ViM sports memory: ViM), consisting of an accelerometer and a gyro-sensor, by comparing the accuracy with those of indirect calorimeter (IC) and a commonly used accelerometer (Lifecorder: LC). Twenty-five participants (13 males; 12 females) walked at 3.6, 4.8, and 6.0 km · h ؊1 and ran at 7.2 and 9.6 km · h ؊1 on a treadmill for 5 min. Then, another 10 males performed static stretching and hopscotch for 5 min each. Measured energy expenditure (EE) by the IC and estimations of the LC and ViM were compared by repeated measures ANOVA. During walking, differences between the IC and ViM (24 to 74%) were lager than those between the IC and LC (؊16 to 0%). During running, differences between the IC and LC (؊35 to ؊21%) were larger than those between the IC and ViM (؊17 to 14%). During static stretch and hopscotch, differences between the IC and ViM (stretching, ؊21%; hopscotch ؊40%) were smaller than those between the IC and LC (stretching, ؊40%; hopscotch, ؊66%). The ViM is more suitable than the LC for the estimation of EE during running or static stretching; however, the accuracy of the ViM was far inferior to that of the LC during walking.
Introduction
Physical activity plays a major role in the prevention and treatment of the metabolic syndrome (Fujita et al., 2004; Manson et al., 1992; Paffenbarger et al., 1983; Pate et al., 1995) . In Japan, the Ministry of Health, Labor and Welfare recommends 60 min of physical activity of 3 or more metabolic equivalents (METs) intensity per day (Ministry of Health, Labor and Welfare of Japan, 2006) . To better define the doseresponse relationship between physical activity and health, it is necessary to develop not only methods to obtain accurate information on physical activity energy expenditure (EE), but also practical tools for assessing the intensity, duration and frequency of physical activity.
The doubly labeled water (DLW) method is the 'gold standard' for assessment of total physical activity EE for 1 to 3 weeks (Schoeller and Hnilicka, 1996; Westerterp, 1999) . Also, the portable indirect calorimeter (IC) method is known as a valid method to measure the intensity of physical activity. However, the DLW and IC methods are difficult to use to assess EE during free-living activities. To simplify objective assessment of physical activity EE during daily activity, many types of motion monitors based on acceleration of body movement have been developed (Brage et al., 2003; Campbell et al., 2002; Eston et al., 1998; Freedson et al., 1998; King et al., 2004; Kumahara et al., 2004a; Rowlands et al., 2004) . It is suggested that accelerometer-based assessment would be the most suitable and objective method to obtain intensity and duration data for physical activity; however, previous studies have reported several limitations in this method, most notably significant systematic errors for certain activities (Chen and Bassett, 2005) . Systematic errors have been found at over 9.0 km · h Ϫ1 running (Brage et al., 2003; Kumahara et al., 2004a) , hopscotch (Eston et al., 1998; Rowlands et al., 2004) , walking up an incline (Brage et al., 2003; Fruin and Rankin, 2004) , and upper-limb activity (Brage et al., 2003) . The most common cause of the systematic errors is that motion monitors placed on the back or hip cannot measure EE from arm activity, standing posture, vertical work (i.e., stair climbing or uphill walking), or non-weightbearing activity (e.g., bicycling) (Chen and Bassett, 2005) .
To reduce the errors of motion monitors, new types of devices have been recently developed that combine an accelerometer with measurement of other physiological parameters such as heart rate (Brage et al., 2005; Brage et al., 2004) and body temperature (Fruin and Rankin, 2004) . One new device is the ViM sports memory wristband (Microstone Co., Saku, Japan). This device includes a uniaxial accelerometer and a gyro-sensor. The ViM classifies physical activity into 10 patterns, based on angular velocity and vertical acceleration of arm movements and periodicity of these movements. The 10 motion patterns of the ViM are as follows: very slow walking (W1), slow walking (W2), normal walking (W3), brisk walking (W4), jogging (J1), running (J2), light irregular activity (IR1), moderate irregular activity (IR2), heavy irregular activity (IR3), and rest. The manufacturer's software (ViM software Ver. 4.1.1) calculates the participant's EE by age, body weight, and the 10 activity patterns.
Until now, a motion monitor device combining a gyro-sensor had never been developed. Generally, it is established that when an accelerometer is placed on the wrist, the correlation coefficient between accelerometer output and EE is low during non-regulated activities (Kumahara et al., 2004b; Swartz et al., 2000) . However, since a gyro-sensor can measure rotary motion, which is not recorded by an accelerometer, the ViM may be able to monitor human activity by with more accuracy than most accelerometers. The ViM appears especially suitable for monitoring upper-limb activities without whole-body locomotion, and this device can probably be used to classify activity patterns such as walking, running, and non-regulated activity. However, no studies have been reported concerning the validity of this device. The first purpose of this study was to assess the accuracy of the ViM, by comparing with IC. The second purpose was to compare the ViM with a commonly used accelerometer.
Materials and Methods

Participants
In Experiment 1, 13 healthy Japanese males (mean ageϮSDϭ23.7Ϯ2.8 yr; body mass, 67.7Ϯ6.4 kg; height, 173.8Ϯ5.2 cm) and 12 healthy Japanese females (age, 21.4Ϯ3.6 yr; body mass, 50.3Ϯ3.7 kg; height, 156.7Ϯ3.1 cm) participated. In Experiment 2, 10 healthy Japanese males (age, 24.0Ϯ2.7 yr; body mass, 66.9Ϯ6.7 kg; height, 173.5Ϯ4.9 cm) participated. The participants were asked to refrain from alcohol use or strenuous physical activity for 24 h before exercise experiments, and from food or caffeine during the 2 h preceding the experiments. Written informed consent was obtained from all participants before both experiments. The study protocol was approved by the Human Subjects Committee of Tohoku Gakuin University.
Procedures
Experiment 1. To examine the capabilities of the ViM during regulated activities (walking and running), Experiment 1 was performed. The relationship between the ViM output and EE was assessed at five treadmill speeds (3.6, 4.8, 6.0, 7.2, and 9.6 km · h
Ϫ1
). Intervals of 3 min rest were provided between speed tests. Participants walked or ran at each speed for 5 min.
Before the treadmill exercise test, all participants were familiarized with the motor-driven treadmill (O2road, Takei Sci. Instruments Co., Niigata, Japan) for 3 min at 3.6 km · h Ϫ1 after 15 min seated rest. After familiarization on the same day, the participants took a rest for about 20 min on a comfortable chair until their oxygen uptake (V · O2) returned to baseline (less than 5.0 mL · kg Ϫ1 · min
). Each participant was asked to walk at 3.6, 4.8, and 6.0 km · h Ϫ1 and run at 7.2 and 9.6 km · h Ϫ1 on the motor-driven treadmill (horizontal slope).
The participants were connected to an indirect calorimeter (VO2000, Medical Graphics Co., St. Paul, MN, USA) via a facemask (Vital Signs, Totowa, NJ, USA), and V · O 2 was continuously measured throughout Experiment 1. A uniaxial accelerometer (LC: Lifecorder; Suzuken Co. Ltd., Nagoya, Japan) and the ViM were placed on the non-dominant side hip and wrist of each subject, respectively. Experiment 2. Experiment 2 was performed to determine the accuracy of the EE estimation from the ViM for non-regulated activities. Ten participants, who were totally different from those of Experiment 1, performed two non-regulated activities (static stretching and "ken-ken" [Japanese hopscotch]) in an outdoor field. First, each participant was seated on a comfortable chair for 15 min, and then performed static stretching and hopscotch for 5 min intervals with 5 min rests in between. In static stretching, the participants stretched their upper limbs, lower limbs, and body trunk while seated and standing. Hopscotch activity involved alternately hopping and jumping on a "kenken" course (similar to a hopscotch grid). Before static stretching and hopscotch, the participants were required to continue static stretching and hopscotch for 5 min, and to establish their own pace and maintain it throughout each 5 min period. The participants were permitted rest several times for a few seconds each in the hopscotch activity in order to complete the activity for 5 min. During Experiment 2, the IC measured V · O 2 , similarly to Experiment 1. Also, the LC and the ViM were placed on the non-dominant side hip and wrist of each subject, respectively.
Equipment
ViM. The ViM, a wrist-watch type device, was assembled with an accelerometer, a gyro-sensor, a microprocessor, and communication ports for a computer, at 6.5 cm width, 7.5 cm height, 1.5 cm thickness, and 100 g in weight. According to technical details provided by the manufacturer, this device samples vertical acceleration and angular velocity of the arm every 50 ms (sampling frequency, 20 Hz). The dynamic ranges of acceleration and angular velocity were 0.05-2.00 G and 0-300 deg · s
Ϫ1
, respectively. The frequency response was 0.25-20 Hz, and the time period was 2 s. The ViM analyzes 10 patterns of physical activity, and records the sum of frequencies of each activity pattern every 30 or 180 s. A 32 Kb EEPROM was used as an internal memory to store 1 day or 5.5 days' data, depending on whether 30 or 180 s statistical mode was selected. In this study, 30 s mode was selected. Table 1 shows the algorithm of the ViM provided by the manufacturer to recognize and classify physical activities in the 10 motion patterns. The manufacturer did not disclose the cut-off point values of acceleration, angular velocity, or periodicity to classify motion patterns at the time of the experiments. The ViM outputs (frequencies · 30 s
) were downloadable to a computer for compiling in MS-Excel format, but the raw data of acceleration, angular velocity, and periodicity could not be downloaded. After the downloading the ViM outputs, the manufacturer's software could calculate EE according to an equation comprising sex, age, body weight, and the ViM outputs. However, the manufacturer did not disclose the detailed equation including all coefficients to calculate EE.
Four ViMs were used in each of Experiments 1 and 2. Before each experiment, the reliability and objectivity of these ViMs were tested in a pilot study (Nϭ22), which consisted of a test-retest method of walking at 6.0 km · h Ϫ1 on a treadmill. It was verified that there was no difference among the four devices (F 3,18 ϭ0.18, pϭ0.912) , and the intra-class correlation coefficient (ICC) was high (ICCϭ0.99, pϽ0.001).
Lifecorder. The uniaxial accelerometer LC for which the validity and accuracy were known (Kumahara et al., 2004a; Schneider et al., 2004) was used for comparison with the ViM. The LC is one of the most popular devices used in sports-and exerciserelated fields of Japanese research (Ayabe et al., 2004; Higuchi et al., 2003) . It measures 6.25 cm (width)ϫ 4.65 cm (height)ϫ2.6 cm (thickness), and weighs 40 g. The LC samples vertical acceleration at a 32 Hz sampling frequency, and the dynamic range is 0.06-1.94 G. The maximum acceleration over 4 s is recorded as an activity, and activities are categorized into 11 activity levels (0.0, 0.5, and 1.0-9.0) (arbitrary unit). The activity levels are then converted to EE by the manufacturer's algorithm. The internal memory is able to store 42 days' data. Two LCs were used in each experiment. In the results of the pilot study, the ). The VO2000 system measurements were used as the validity criteria for the EE in Experiments 1 and 2. The IC was calibrated before each test session. The pneumotach was calibrated with a 3.0-L calibration syringe, and the gas analyzer, with room air and a calibration gas of known O 2 (15.94%) and CO 2 (3.97%) composition. The IC sampled data every 60 s. EE was calculated using the following equation:
Data analysis
Internal clocks of the IC, ViM, and LC were initialized and set to standard time before each test. A stopwatch was used to synchronize the exact time (start and stop) of all equipment, and outputs from all motion sensors were time-matched to within 1 s of the IC time for Experiments 1 and 2. All motion sensor data were converted to synchronize unit time of all measurements as 1 min: the ViM outputs, recorded every 30 s, were summed for 1 min, and the LC outputs, recorded every 4 s, were averaged for 1 min. To ensure steady state V · O2, averaged data from the last 2 min of each exercise stage were used for statistical analyses.
Statistical analysis
All statistical analyses were performed using an SPSS 13.0 J (SPSS Japan, Tokyo, Japan) system. In Experiment 1, treadmill speed effects on the LC outputs were analyzed by one-way repeated ANOVA with a within-subject factor of treadmill speeds (0.0, 3.6, 4.8, 6.0, 7.2, and 9.6 km · h
Ϫ1
) and Scheffe's test for both males and females. Treadmill speed effects on the ViM outputs were also analyzed by one-way repeated ANOVAs with a within-subjects factor of the ViM activity patterns (W1, W2, W3, W4, J1, J2, IR1, IR2, IR3, and Rest) and Scheffe's tests at each speed, for both males and females, separately. Before ANOVA, the ViM outputs (frequencies · min Ϫ1 ) as dependent variables were converted by angular transformation, because the ViM data were output on a relative frequency scale (30 frequencies · min Ϫ1 is 100%) and were not normally distributed. Significance level by repeated ANOVAs was pϭ0.050, and significance levels of Scheffe's tests were adjusted by the Bonferroni inequality. Alpha level of the LC was pϭ0.050 (0.05/1); alpha levels of the ViM outputs were pϽ0.008 (0.05/6).
EE estimations made by the LC (EE LC ) and the ViM (EE ViM ) were compared with EE determined by the IC (EE IC ) using correlation coefficients, mean squared error (MSE) at each treadmill speed, and one-way repeated ANOVAs with a within-subject factor of methods (IC, LC, and ViM) and Dunnett's tests (control value was EE IC ) at each speed, for both males and females. The Bonferroni inequality was used to adjust significance levels of Dunnett's test, with resulting alpha levels of pϽ0.008 (0.05/6). Mean squared error for both EE LC (MSE LC ) and EE ViM (MSE ViM ) was calculated using the following equations:
In Experiment 2, the validity and accuracy of EE LC and EE ViM were investigated using correlation coefficients, MSE, and one-way repeated ANOVAs with a within-subject factor of methods (IC, LC, and ViM) and Dunnett's tests (control value was EE IC ) at each activity (seating rest, static stretching, and hopscotch). Levels of significance were pϭ0.050 for one-way repeated ANOVAs and were adjusted using the Bonferroni inequality to pϽ0.016 (0.050/3) for Dunnett's tests.
Results
Experiment 1. Means and standard deviations (SD) of the LC outputs and the ViM outputs converted by angular transformation for each treadmill speed are shown in Table 2 . In results of repeated ANOVA of the LC outputs, there were significant main effects (males: F 5,60 ϭ1098.8, pϽ0.001; females: F 5,55 ϭ915.4, pϽ0.001), such that there were significant steady increases from 0.0 to 7.2 km · h
Ϫ1
; however, mean differences at 7.2 and 9.6 k · h Ϫ1 were not significant for males (pϭ0.436).
The ViM outputs were analyzed at each speed by repeated ANOVAs and Scheffe's tests. ANOVAs for both males and females detected significant main effects at all treadmill speeds (males: F 9,108 ϭ12.6 to Takahashi, S., Suzuki, K., and Kizuka T. Table 5 . EEs as determined by the IC, and two other estimates and correlations between the two estimates and EE IC are listed in Table 6 . The three methods were compared by repeated ANOVAs and Dunnett's tests at each activity. There was a significant main effect in seated rest (F 2,18 ϭ4.4, pϭ0.028), but Dunnett's test revealed that differences between the IC and LC (pϭ0.987) and between the IC and ViM (pϭ0.047) were not significant. Main effects for static stretching and hopscotch were significant (static stretching: F 2,18 ϭ13.6, pϽ0.001; hopscotch: F 2,18 ϭ76.7, pϽ0.001). In static stretching, the LC estimates were significantly lower (pϽ0.001) than EE IC , while the ViM estimates were not different from EE IC (pϭ0.069). In hopscotch, EE LC (pϽ0.001) and EE ViM (pϽ0.001) were significantly lower than EE IC . Correlation coefficients between EE IC and EE LC , and between EE IC and EE ViM were not significant at seated rest. In static stretching, EE LC and EE ViM also did not significantly correlate to EE IC . In hopscotch, EE LC and EE ViM strongly correlated to EE IC (EE IC and EE LC , rϭ0.80; EE IC and EE ViM , rϭ0.78) . 
Discussion
Major findings. In this study, we examined the validity and accuracy of EE estimated by the ViM, which is mainly composed of an accelerometer and a gyro-sensor, as the new device to measure physical activity. Our data demonstrates that the ViM can approximately classify body motion into walking, running, and non-regulated activities; the ViM outperforms the LC, which is the typical accelerometer placed on the hip during running, and static stretching. However, it may be difficult for the ViM to distinguish The unit of the Lifecorder (LC) outputs is activity level (arbitrary unit); W1, W2, W3, W4, J1, J2, IR1, IR2, IR3, and Rest are presented in degree because of angular translation. Table 1 ). In the biomechanics of gait, several studies (Donker et al., 2001; Ford et al., 2007; Wagenaar and van Emmerik, 2000) demonstrated that in increasing walking speed from 1.1 to 4.7 km · h Ϫ1 , the amplitude of the arm swing becomes greater. In results of the present study, the ViM outputs approximately reflected increases in walking speeds; however, the LC reflected increases of walking speeds more clearly than the ViM. It has also been reported that the amplitude of arm swing motion is related to stride frequency at over 3.0 km · h Ϫ1 walking (Ford et al., 2007) . Because the relationship between walking speed and stride frequency differs by length of stride and habit of gait for each individual, the ViM algorithm based on arm swing motion is likely to be less stable than the algorithm of conventional motion monitors.
During running, the results in this study demonstrate that the ViM outputs reflect the change from 7.2 to 9.6 km · h
Ϫ1
. Similarly, the LC outputs significantly increased from 7.2 to 9.6 km · h Ϫ1 for females; however, for males, there was no significant difference in the LC outputs between 7.2 and 9.6 km · h
. Kumahara et al. (2004a) demonstrated that the LC could not detect changes in running speeds at over 7.8 km · h
. Brage et al. (2003) mentioned that the cause of this error was the biomechanical characteristics of running. During walking, vertical acceleration is the largest component of motion, whereas during running horizontal acceleration is larger (Chang and Kram, 1999) . Because the uniaxial acceleration sensor of the LC is designed to measure vertical acceleration, the LC cannot adequately measure horizontal acceleration during running. On the other hand, according to the manufacturer's information, the uniaxial acceleration sensor of the ViM measures vertical acceleration. However, the ViM outputs reflect the change of running speed. The ViM might measure horizontal acceleration in running when the wrist position varies in arm movement.
In Experiment 2, the LC outputs could not detect differences between seated rest and static stretching, while the ViM discriminated some static stretch motions as IR1 and IR2. In hopscotch, the LC output (2.6Ϯ1.4 activity level) was equal to walking at 3.6 km · h Ϫ1 (male, 2.4Ϯ0.3 activity level). In contrast, ViM output during hopscotch was different in walking and running (Table 5) . These results suggest that the algorithm of the ViM provides detailed information of the physical activity pattern for researchers and others.
Energy expenditure estimation. In walking, while the LC had equally high correlations to the IC in comparison with other accelerometers (e.g., CSA, TriaTrac, RT3) (Freedson et al., 1998; Hendelman et al., 2000; Leenders et al., 2003; Yngve et al., 2003) , the accuracy of the LC was quite excellent as compared with that of the ViM. In particular, differences in MSEs between the LC and ViM were remarkable at 4.8 and 6.0 km · h Ϫ1 (Figure 1 ). There may be two problems resulting in the large systematic errors of the ViM estimations in walking: one may concern sensor outputs and the other, the prediction model.
There were no significant positive correlations between the IC and ViM at 3.6 and 4.8 km · h Ϫ1 for males. For females, there were significant negative correlations between the IC and ViM (rϭϪ0.57 and Ϫ0.65) at 3.6 and 4.8 km · h Ϫ1 . On the other hand, the means of the ViM outputs at each walking speed were correctly distinguished approximately ( Table 2) . These facts may point out that the ViM can distinguish the changes in walking speeds for each individual, but it cannot distinguish the individuality of arm swing for each gait. As mentioned above, arm swing frequency in walking is related to the stride frequency. At one walking speed, the stride frequency of a participant whose stride length is short is higher than that of a participant whose stride length is long. The ViM may overestimate EE for short stride length, and that may underestimate EE for long stride length. Hence, we suggest that the sensor outputs are part of the systematic estimation error by the ViM in walking.
If the cause of the large systematic error of the ViM was only sensor output, the systematic error would not be found when EE ViM positively correlated to EE IC . However, in results of this study, there were large, significant overestimations of the ViM at 6.0 km · h Ϫ1 walking, in spite of positive correlations between EE ViM and EE IC (males, rϭ0.59; female, rϭ0.70) . The accuracy of the ViM was higher than that of the LC when outputs of W1, W2, W3, and W4 were small in running, static stretching, and hopscotch (Figures 1  and 2) . These reveal that the EE prediction model of the ViM also has a more relevant problem than sensor outputs alone. We think that the manufacturer has given higher coefficients than they are actually worth for W1, W2, W3, and W4.
In running, correlations between the EE IC and EE ViM were as high as those between the EE IC and EE LC , and the accuracy of the ViM was higher than that of the LC (Tables 3 and 4; Figure 1 ). These results suggest that the ViM can grade changes in running speeds correctly and that the coefficients for J1 and J2 set by the manufacturer are valid. Though the LC maintained moderate or high correlation to the IC in the walking phase, percent differences and MSE LC during running became larger than those during walking (Tables 3 and  4; Figure 1) . Increases of the LC outputs from 7.2 to 9.6 km · h Ϫ1 were smaller than the values expected by the linear relationship between speeds and the LC outputs in the walking phase. The cause of the decreased accuracy of the LC in the running phase might be in the sensor outputs.
In static stretching and hopscotch, the validity and accuracy of the ViM were higher than those of the LC. These results in Experiment 2 differed from those of a previous study (Swartz et al., 2000) . Swartz et al. (2000) showed that an accelerometer (CSA) on the hip results in a higher determination coefficient (R 2 ϭ0.32) than on the wrist (R 2 ϭ0.03) in laboratory and field settings. The differences between this study and the previous study can be attributed partly to the difference of the algorithms of devices. The ViM comprising a gyro-sensor can detect a wide range of activities, including large and slow upper-limb movements which are not reflected in acceleration. Thus, results of the present study may demonstrate that the ViM is more suitable than an accelerometer placed on the hip when upper-limb activities without whole-body locomotion and vertical activity are monitored.
On the other hand, there is a large systematic error in the ViM estimation in hopscotch. If the systematic error of the ViM was caused by output and coefficients of the prediction model, as seen in the walking phase, the ViM would overestimate the IC. However, the ViM significantly underestimated the IC during hopscotch, as did the LC and other accelerometers placed on the hip in previous studies (Eston et al., 1998; Rowlands et al., 2004) . Thus, the systematic error of the ViM may be explained from another viewpoint. In general, accelerometer-based motion monitors underestimate EE of vertical activity, such as stair climbing, incline walking, or hopscotch (Campbell et al., 2002; Eston et al., 1998; Fruin and Rankin, 2004; Rowlands et al., 2004) . We propose a hypothesis that the underestimation may be due to changes in energy efficacy (energy per work) that cannot be assessed by motion monitors. If this hypothesis is true, the ViM would also underestimate EE of vertical activity, as do conventional devices placed on the hip.
In conclusion, this study showed that the ViM was higher than the LC in accuracy of EE estimation during running, and static stretching. However the ViM was far inferior to the LC during all speed walking. Energy expenditure estimated by the ViM was considerably higher during walking than that measured by the IC. Therefore, the current ViM cannot be recommended for monitoring daily physical activity in middle-aged and elderly people whose main activity is walking, until its prediction model is improved.
